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1. INTRODUCTION
Since its discovery in 2004 [1] graphene, an atomically 
thick sheet of sp2-hybridized carbon atoms in a hexagonal 
two-dimensional lattice has attracted a great attention from 
research community due to its extraordinary physical and 
electrical properties. The remarkable properties reported 
for defect free monolayer graphene include high values of 
its elastic modulus (~1 TPa), intrinsic strength (~130 GPa), 
thermal conductivity (~ 5000 W/mK) and specific surface 
area (2630 m2g–1) [2,3]. The superior properties of graphene 
are reflected in the graphene-incorporated polymer nano-
composites, showing greater mechanical, thermal, electrical, 
and other properties compared to neat polymer. However, 
since graphene sheets are inherently stacked in graphite due 
to the high van der Waals forces between adjacent layers, 
the exfoliation and incorporation of graphene into polymer 
matrix to synthesize graphene reinforced polymer is quite 
difficult. Graphene oxide differs from graphene in that it 
has oxygen functional groups attached to the graphite back-
bone. This makes GO sheets are more compatible and eas-
ily dispersed in organic polymers. In addition, GO sheets 
have wrinkles and have a have a higher surface roughness as 
compared to pristine graphene [4]. These wrinkled surfaces 
interlock extremely well with the surrounding polymer ma-*Corresponding author. Tel: +61731386630; Fax: +61731381516; Email: c2.yan@qut.edu.au
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ABSTRACT
Bulk amount of graphite oxide was prepared by oxidation of graphite using the modified 
Hummers method and its ultrasonication in organic solvents yielded graphene oxide 
(GO). X-ray diffraction (XRD) pattern, X-ray photoelectron (XPS), Raman and Fourier 
transform infrared (FTIR) spectroscopy indicated the successful preparation of GO. XPS 
survey spectrum of GO revealed the presence of 66.6 at% C and 30.4 at% O. Scanning 
electron microscopy (SEM) and Transmission electron microscopy (TEM) images of the 
graphene oxide showed that they consist of a large amount of graphene oxide platelets 
with a curled morphology containing of a thin wrinkled sheet like structure. AFM image 
of the exfoliated GO signified that the average thickness of GO sheets is ~1.0 nm which 
is very similar to GO monolayer. GO/epoxy nanocomposites were prepared by typical 
solution mixing technique and influence of GO on mechanical and thermal properties 
of nanocomposites were investigated. As for the mechanical behaviour of GO/epoxy 
nanocomposites, 0.5 wt% GO in the nanocomposite achieved the maximum increase 
in the elastic modulus (~35%) and tensile strength (~7%). The TEM analysis provided 
clear image of microstructure with homogeneous dispersion of GO in the polymer ma-
trix. The improved strength properties of GO/epoxy nanocomposites can be attributed 
to inherent strength of GO, the good dispersion and the strong interfacial interactions 
between the GO sheets and the polymer matrix. However, incorporation of GO showed 
significant negative effect on composite glass transition temperature (Tg). This may 
arise due to the interference of GO on curing reaction of epoxy.
© 2013 DEStech Publications, Inc. All rights reserved.
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terial, helping to boost the interfacial load transfer between 
graphene oxide sheets and the matrix. All these properties 
combined with fairly high strength of GO sheets (effective 
Young’s modulus 207.6 ± 23.4 GPa) [5] render it as a prom-
ising candidate for polymer composites [6]. 
Several studies have been conducted to improve the prop-
erties of polymeric composites with graphene oxide based 
materials [6–8]. Wang  et al. reported the incorporation 
of 0.3% of GO into polybenzimidazole (OPBI) enhanced 
Young’s modulus by 17%, tensile strength by 33% and 
toughness by 88%. Significant toughness and fatigue life 
improvements through the addition of GO sheets to a ther-
mosetting epoxy system have been established [7]. Because 
of oxygen functional groups, graphene oxide can be further 
functionalized which can effectively increase the reactive 
points on the GO surface, bring extra advantages to improve 
the dispersion and interactions of GO in polymer matrices. 
Many studies have reported significant improvement in 
polymer properties with the incorporation of functionalized 
GO [9,10]. One study reported that the less oxidized GO 
was more effective than nearly fully oxidized GO in terms 
of reinforcing polymers. The better reinforcement effect was 
attributed to the higher quality of GO with much fewer struc-
tural defects [11]. Zhang  et al. found that polarity matching 
is crucial in improving the interaction between fillers and 
matrix and the dispersion of fillers. They have reported that 
the excessive oxygen groups on graphene disturbed the po-
larity matching and deteriorate the dispersion quality of GO 
in PMMA [12].
However, for the time being, a relatively limited num-
ber of studies have been reported on evaluating mechanical 
performance of graphene oxide incorporated epoxy nano-
composites. Herein, we report the mechanical and thermal 
behaviour of epoxy nanocomposites with various weight 
fractions of GO. Bulk quantity of graphene oxide was pre-
pared by chemical oxidation method. Significant enhance-
ment in tensile properties was achieved by incorporating 
small amounts of graphene oxide into epoxy matrix. It was 
also revealed that GO was significantly influence on epoxy 
curing reaction thereby reducing the glass transition temper-
ature of epoxy matrix. 
2. METHOD
2.1. Materials
Graphite flakes was purchased from Sigma Aldrich (pvt) 
Ltd, Australia and used as received. Epoxy resin (Araldite 
GY 191) used for this study is Diglycidyl Ether of Bisphenol 
A/F (DGEBA/F) and the curing agent(Hardener HY 956) is 
a low viscosity aliphatic polyamine (Triethylenetetramine/
TETA). Both epoxy resin and curing agent were supplied by 
CG composites, Australia. The other chemicals used such as 
KMnO4, H2SO4, H3PO4, HCl, H2O2, Acetone, Ethanol, Di-
ethyl ether, DMF were purchased from Sigma Aldrich (pvt) 
Ltd, Australia. 
2.2. Preparation and Characterization of Graphene 
Oxide (GO)
Graphene oxide was prepared by oxidation of graphite 
flakes according to the method described by Marcano  et al. 
[13] and dried in a freeze dryer at –51°C under vacuum for 
72h. Graphene oxide was characterized by X-ray diffraction 
(XRD, PANalytical Cu MPD) to determine the distance be-
tween layers. Raman spectra of bulk graphite and graphene 
oxide were recorded from 1250 to 3000 cm–1 on a REN-
ISHAW invia Raman microscope using a 532 nm edge fil-
ter laser beam. FTIR spectra were obtained using FTIR 5700 
Nicolet Diamond ATR spectrometer. The spectrum resolution 
was 4 cm–1 in the wave length range from 800 to 4000 cm–1. 
The 64 scans were performed to get the average spectrum. 
X-ray photoelectron spectroscopy measurements were per-
formed with a Kratos Axis ULTRA X-ray photoelectron spec-
trometer (XPS) using monochromatic AlKα radiation (hv = 
1486.6 eV). CasaXPS v 2.3.16 software was used to perform 
curve fitting and to calculate the atomic concentrations. 
The microstrucural characterizations were performed us-
ing a JEOL-7001F field-emission scanning electron micro-
scope (FESEM) operated at 15 kV and a JEOL 1400 trans-
mission electron microscope (TEM) operated at 120 kV. Dry 
GO powder was used for the FESEM analysis whereas clear 
solution of GO in DMF was dropped cast onto carbon coat-
ed copper TEM grid for TEM analysis. Samples for Atomic 
force microscope (AFM) imaging were prepared by deposit-
ing clear solution of GO in DMF on freshly cleaved mica 
surface. AFM images were taken using a BMT multiscan 
AFM with silicon tip. Tapping mode was applied to get the 
topography of the graphene oxide flakes at the scan rate of 
1.2 Hz with surface area of 5 μm × 5 μm.
2.3. Preparation and Characterization of Graphene 
Oxide (GO)/Epoxy Nanocomposites
A homogeneous dispersion of GO in acetone (1 mg/ml) 
was obtained by employing an ultrasonicator at high ampli-
tude for 1h. Then a certain amount of epoxy resin was added 
and the mixture was stirred for 15 min on a magnetic stirrer. 
Acetone was evaporated by stirring the mixture at 40°C for 
few hours on a hot plate with a magnetic stirrer. The mixture 
was vacuumed at same temperature overnight for the com-
plete removal of acetone. Stoichiometric amount of hardener 
was added to the epoxy/GO mixture at room temperature and 
mixing was carried out in a high speed shear mixer (Thinky 
planetary mixer) at 2000 rpm for 5 min. The mixture was 
then poured into Teflon coated moulds after degassing in a 
vacuum oven for 30 min. Samples were pre-cured at room 
temperature for 24h and post-cured at 90°C for 6h.   
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Tensile test was performed according to the ASTM D638-
10 standard with Instron tensile machine using dog-bone 
shaped tensile specimens. The tests were performed at con-
stant loading speed of 0.5 mm/min with the 2 kN load cell at 
room temperature. At least five specimens were tested from 
each sample. Transmission electron microscopy specimens 
were prepared by microtoming nanocomposite samples with 
thickness of 40–70 nm. The specimens (on Cu grid) were 
examined with JEOL 1400 TEM using an accelerate volt-
age of 120 kV. The tensile fractured surfaces of samples 
were examined using FESEM (JEOL-7001F). The fractured 
ends of the specimens were mounted on aluminium stubs 
and sputter-coated with a thin layer of gold to avoid elec-
trostatic charging during examination. Q100 Chimaera DSC 
was used to obtain glass transition temperature (Tg) of neat 
epoxy and nanocomposites. Experiments were carried out 
under nitrogen atmosphere at a scanning rate of 10°C/min 
from 0 to 280°C. 
3. RESULTS AND DISCUSSION
3.1. Characterization of Graphene Oxide
Graphene oxide is highly hydrophilic and is readily dis-
persible in water and other organic solvent such as DMF, 
acetone etc. XRD pattern of graphene oxide (as prepared 
dry powder) and bulk graphite shows in Figure 1(a). A char-
acteristic sharp (002) peak of graphite stacking appeared 
at 2θ = ~26.5° with a corresponding interlayer spacing of 
~3.4 Å. After oxidation of graphite to graphite oxide, the 
peak shifted downward to a lower angle at 2° = ~11.0° with a 
matching spacing of ~8.0 Å which is similar to graphene ox-
ide solids reported previously [14,15]. The larger interlayer 
spacing of graphene oxide is due to the large amount of polar 
groups generated between the layers of graphite during oxi-
dation, in which the oxygen and carbon atoms are covalently 
bonded, leading to an increase in the graphite’s crystal lat-
tice length along axis c. The diffraction peak of graphite did 
not occur in the diffraction spectrogram of graphene oxide, 
indicating that the graphite had been completely oxidized. 
Raman spectra of graphite and graphene oxide are given in 
Figure 1(b). The bulk graphite shows the two intense bands 
centered at 1581 cm–1 (G band) and 2720 cm–1 (2D band). 
The G band is the response of the in-plane stretching motion 
of symmetric sp2 C–C bond. The 2D band is the second or-
der of the D band. A very tiny D band was observed for bulk 
graphite. This proved the absence of a significant amount 
of defects in the graphite. In contrast, the raman spectrum 
Figure 1. (a) XRD pattern; (b) Raman spectrum; (c) FTIR spectrum of graphite and graphene oxide.
Figure 2. (a) C 1s XPS spectrum of graphite (b) C 1s and (c) O 1s XPS spectra of graphene oxide.
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of the graphene oxide displays an intense D band centred 
at 1357 cm–1 and a G band at 1607 cm–1. The D band arises 
from the disruption of the symmetrical hexagonal graphitic 
lattice as a result of internal structural defects, edge defects, 
and dangling bonds created by the attachment of hydroxyl 
and epoxide groups on the carbon [16]. D band intensity is 
directly proportional to the level of defects in the sample 
and can also be used as a gauge of degree of functionaliza-
tion when graphene is chemically modified [17]. Chemical 
and structural changes of graphite upon oxidation were de-
tected from FTIR spectrum of graphene oxide [Figure 1(c)]. 
A broad band at 3000–3700 cm–1 appears in the IR spec-
trum, which signifies stretching vibration of surface hydrox-
yls (~ 3400) and water absorption (~ 3200 cm–1). The peaks 
are located at ~1720 cm–1 (C=O stretching) from carbonyl 
and carboxylic groups, at ~ 1200 cm–1 (C–OH stretching) 
from carboxylic groups and at ~1050 cm–1 (skeletal C–O or 
C–C stretching) peak from carbonyl, carboxylic and epoxy 
groups, which confirms the presence of oxygen-containing 
functional groups [18,19]. The peak at 1620 cm–1 can be 
assigned to the vibrations of the adsorbed water molecules 
and also the contributions from the skeletal vibrations of un-
oxidized graphitic domains [20]. 
The C1s XPS spectrum of graphite is shown in Figure 
2(a). The peak centred at 284.5 eV corresponds to graphitic 
carbon (non-oxygenated). The atomic composition of gra-
phene oxide was obtained from the XPS survey spectrum 
and revealed the presence of C (66.6 at%) O (30.4 at%) and 
Figure 3. (a) SEM (b) TEM (c) AFM images of graphene oxide. 
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small amount of S, N and P (residual from the acids used for 
the oxidation process). The chemical composition detected 
for the graphene oxide is very similar to reported data in 
literature [16,21–23]. The detail spectra C 1s and O 1s spec-
tra of graphene oxide are shown in Figure 2(b) and (c). The 
C1s XPS data of graphene oxide surface clearly displays 
the presence of four different kinds of carbon atoms such 
as non-oxygenated carbons (C–C) at 284.7 eV, carbons at-
tached to carboxylic groups (C*–COOH) at 285.8 eV, car-
bons in carbon-hydroxyl groups (C*–OH) and carbons in 
epoxy/ether (C*–O) at 287.5 eV, and carboxylate carbons 
(O–C*=O) at 288.9 eV. The peaks are at 532.4 eV and 533.3 
eV in the O1s spectrum of graphene oxide (2c) can be as-
signed to contribution from C=O* and C-O*–C/C–O*-H 
groups, respectively [16]. The peak at 534.1 eV can be as-
signed to oxygen from water molecules. 
Figure 3(a) illustrates the typical SEM image of graphene 
oxide, indicating randomly aggregated, thin crumpled sheets 
closely associated with each other which are significantly 
different from graphite flakes. The platelets have lateral di-
mensions ranging from several hundred nanometers to sev-
eral micrometers. The TEM observations further reveal that 
the graphene oxide are likely to be in the form of single or 
few layer sheets as shown in Figure 3(b). From a tapping 
mode AFM image of graphene oxide on a mica substrate 
[Figure 3(c)], the average thickness is ~1 nm. This value 
is very similar to the reported thickness of graphene oxide 
monolayer [24–26]. Compared with the pristine graphene 
with a thickness of ~0.8 nm [1], the higher thickness of as-
made GO is due to the presence of the covalent C–O bonds 
at both top and bottom surfaces, distorted sp3 carbon lattices 
and absorbed contaminations [27–29]. All these observa-
tions indicate that graphite was completely oxidized and ex-
foliated to GO sheets upon oxidation and sonication.
3.2. Characterization of Graphene Oxide/Epoxy 
Nanocomposites
Figure 4(a) shows variation of ultimate tensile strength 
and elastic modulus of neat epoxy and the nanocomposites 
with different GO content and Figure 4(b) provides the rep-
resentative tensile stress-strain curves. From the Figure 4(a), 
it can be seen that elastic modulus and tensile strength of 
epoxy matrix increased with GO loading. Elastic modulus 
and tensile strength of neat epoxy are 1.28 GPa and 49.15 
MPa, respectively. At 0.5 wt% GO, the elastic modulus 
of the nanocomposite was enhanced by ~35% while there 
was ~7% increase in the ultimate tensile strength. Figure 
4(b) shows that as more GO are incorporated, considerably 
reduced strains at ultimate strength are observed. The de-
creased tensile strain of nanocomposites with increasing GO 
content are typical behaviour of composite with enhanced 
strength and stiffness [30]. It is obvious from the results 
that GO can significantly improve the tensile strength and 
stiffness of epoxy at lower filler loading. Improvement can 
be credited to high elastic modulus and strength of GO [5], 
better interactions between GO and polymer matrix and 
uniform dispersion of GO in the epoxy matrix due to abun-
dant functional groups on the GO surface [31].  Further, the 
wrinkled surface structure of GO may enhance the mechani-
cal interlocking of and adhesion of between the epoxy and 
GO at the filler-matrix interface thus effectively transfer the 
stress at the interface [32,33].
Figure 5(a) and (b) show the SEM images of cross-sec-
tion of the tensile fractured surfaces of epoxy and GO/epoxy 
nanocomposites.  However, no significant difference was 
observed for pristine epoxy matrix and the composites. It 
was also difficult to observe the distribution of GO in the 
polymer matrix. This may be by reasons of the use of very 
Figure 4. (a) Young’s modulus and tensile strength (b) Tensile stress vs tensile strain curves of graphene oxide-epoxy nanocomposites.
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low content of GO and two-dimensional sheet structure of 
GO. Then the inner structure of epoxy nanocomposite was 
examined by TEM [Figure 5(c)] from which we can observe 
a homogeneous and uniform dispersion of GO. The good 
dispersion of GO in epoxy matrix is due to the oxygen func-
tional groups in GO which can chemically bonded with ep-
oxy matrix.  
Glass transition temperature (Tg) of nanocomposites was 
obtained by DSC and the values are shown in Table 1. Tg of 
pure epoxy is approximately 66°C. The Tg of neat epoxy was 
found to decrease significantly when GO is added to the res-
in and there was ~15°C decrease in the Tg with the addition 
of 0.5 wt% GO. Generally, the Tg of composites depends on 
the balance of two effects, influence on reaction conversion 
and molecular confinement. GO sheets show stiffer modulus 
than epoxy matrix which could lead to significant confine-
ment on the polymer chains [34]. On the other hand, GO 
may interfere the epoxy curing reaction. This interference 
may be arisen due to reaction between curing agent (TETA) 
and the functional groups of graphene oxide. As a result, the 
optimized ratio of epoxy and curing agent in curing reaction 
was impacted. This generally reduces the polymer cross-
Figure 5. SEM images of tensile fractured surfaces of (a) neat epoxy and (b) 0.7 wt% GO/epoxy nanocomposite, (c) TEM image of 0.7 wt% 
GO/epoxy nanocomposite.
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linkage and increase polymer chain mobility. Based on the 
result, it can be seen that GO significantly obstructs the ep-
oxy curing reaction, leading to positive effect on molecular 
chain mobility. The less restriction on molecular chain mo-
bility grounds to decrease the Tg [35,36].
4. CONCLUSIONS
Bulk quantity of graphene oxide with 30 % of oxygen 
atoms was prepared using the modified Hummers method. A 
series of GO/epoxy nanocomposites was prepared by simple 
solution mixing technique, varying the amount of GO in the 
epoxy matrix. The maximum 35% improvement of elastic 
modulus and 7% improvement of tensile strength were ob-
served for the composite with 0.5 wt % loading of GO. TEM 
imaging showed the homogeneous dispersion of GO in the 
epoxy matrix. However, Tg of baseline epoxy considerably 
decreased with addition of GO. This can be due to incom-
plete curing of epoxy matrix.  
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